trapped DNA through the closing septum at cell division.
by XerCD in vitro. FtsK 50C action requires ATP hydrolysis, is independent of the topology of the DNA substrate, But how such an activity could serve to regulate Xer recombination, directly or indirectly, remained unclear. and occurs by switching the state of activity of the XerC and XerD recombinases in the synaptic complex so that The XerCD recombinases mediate a complete Xer recombination reaction by catalyzing the formation of a the recombination reaction is now initiated by XerD. The products of recombination have a simple topology, with Holliday junction (HJ) intermediate and its resolution, each recombinase catalyzing one pair of strand exrecombination between two directly repeated dif sites in a supercoiled plasmid generating unlinked circles. changes (Barre and Sherratt, 2002) . Analysis of XerCD action has revealed that the recombinases exert a recipThese results help explain how Xer recombination is designed at the molecular and cellular levels to allow rocal control of their catalytic activities, with XerC normally initiating catalysis (Hallet et al., 1999). Indeed, XerC for the necessary coordination between chromosome segregation and cell division. In addition, the ability of can mediate cycles of HJ formation and resolution at dif in vitro, although a complete Xer recombination reacFtsK 50C to translocate along DNA and to switch the activity of the XerCD recombinases by a direct interaction tion at dif was never observed with wild-type E. coli XerCD (Barre et al., 2000 Figure 2D ). This appeared to be an activities were detected in vitro with the smaller cytointrinsic activity of FtsK 50C and not a contaminating activplasmic FtsK C derivative ( Figure 1A) Figure 2E ). No supercoils were generated in the was not due to differences in expression and/or stability presence of a eukaryotic Topo I, which removes both ( Figure 1C ). positive and negative supercoils, thereby demonstrating Consequently, we tested purified FtsK 50C in an in vitro that the topological changes arise from translocation dimer resolution assay ( Figure 1D ). FtsK 50C directed the rather than the wrapping of the DNA about the protein. formation of complete resolution products by the XerCD Furthermore, no supercoils were generated in the abrecombinases in the presence of ATP ( Figure 1E) Figure 2F ). However, no cruciform forprised between residues 179 and 230 was involved in the mation was detected in the absence of ATP, in the presstabilization of an active multimeric form of the protein.
ence of AMPPNP, or when E. coli Topo I was added to To address this question, FtsK C and FtsK 50C were purithe reaction. fied by immunoaffinity ( Figure 2A ) and subjected to analytical gel filtration at ‫2ف‬ M (monomer) and 250 mM NaCl ( Figure 2B ). Under these conditions, FtsK C was FtsK 50C Directs Xer Recombination Independently of Substrate Topology found to be monomeric and FtsK 50C was multimeric, with an apparent size in a range of 220-500 kDa. When FtsK
The DNA translocase activity of FtsK 50C suggested that it might activate Xer recombination by creating a specific was incubated with ATP and 250 mM NaCl, the predominant species that were observed by electron microscopy topology on the substrate DNA. In the presence of FtsK 50C , XerCD could excise DNA between dif sites in direct repeat and could invert DNA between dif sites in inverted repeat ( Figure 3A , dsc and isc, respectively). Crossover products were also observed between dif sites carried by the same linear molecule (dn, dx) or by two different linear molecules (dh). Thus, crossover formation at dif is independent of the relative configuration of the dif sites and of the substrate topology, which argues against the idea that FtsK promotes Xer recombination by bringing the dif sites together in a fixed synaptic structure. However, deletion reactions between dif sites carried by a supercoiled plasmid yielded exclusively uncatenated circles ( Figure 3B , dsc), suggesting that synapsis had not occurred by random collision. Supporting this, most of the crossover products on an inversion substrate (isc) were unknotted. We had previously shown that HJs could be formed at dif independently of FtsK (Barre et al., 2000) . If FtsK acted on those HJs to promote a complete crossover reaction, the preferential formation of products with a simple topology would imply that those HJs were of a simple topology themselves. This seemed unlikely, given the absence of accessory sequences and proteins in the initial HJ formation and the fact that unlinked or unknotted products were undetected in reactions with Haemophilus influenzae XerC and E. coli XerD (Neilson et al., 1999). Therefore, we considered the possibility that HJs formed in the absence of FtsK were part of an abortive pathway and that productive HJs were only formed during FtsK action.
Positive and Negative Supercoils Are Trapped during the Process of Xer Recombination between dif Sites
We reasoned that if HJ formation happened prior to FtsK translocation of the DNA, the positive and negative supercoils generated by FtsK would be trapped on the same side of the HJ and would compensate each other. In contrast, if the HJs had been formed during or soon after the action of FtsK, they would act as a topological barrier that would partition the generated supercoils. In the case of a deletion substrate, this partitioning would result in the two crossover products having different supercoiling densities, thereby differentiating products The supercoils trapped by the recombination reaction were further analyzed in the presence of chloroquine, which serves to differentiate between positively and negatively supercoiled molecules and between relaxed or nicked-open circle molecules ( Figure 4B ). The excised circle products of recombination of the linear substrates (dn and dx) were mainly negatively supercoiled. Up to one negative supercoil for every 162 base pairs was trapped (8 topoisomers/1300 bp for dn; 17 topoisomers/ 2700 bp for dx). In the case of the relaxed deletion substrate (drx), the larger circle products were still mainly negatively supercoiled, but a substantial proportion of the smaller circle products became positively supercoiled.
XerD Catalyzes HJ Formation In Vitro and In Vivo in the Presence of FtsK
The above results raised the likelihood that FtsK might act before or during XerCD-mediated HJ formation rather than afterwards, in order to activate a complete Xer recombination reaction. Indeed, FtsK 50C seemed to have a direct effect on HJ formation: in the absence of FtsK, detectable HJ formation in vitro requires the catalytic activity of XerC, a high glycerol concentration (40%), and the presence of ethidium bromide (Barre et al., 2000) , while in the presence of FtsK 50C and ATP, HJ formation by Xer recombination could be detected in the absence of glycerol and ethidium bromide ( Figure 1D ).
We therefore decided to check if increased levels of active FtsK molecules could lead to an increase in HJ level at dif in vivo. When HJs are formed on a dimeric plasmid substrate by the Xer recombinases, they can be converted to monomers in vivo in a process that does not depend on Xer. As a consequence, in a strain carrying a catalytically inactive XerD protein, cer and psi plasmid dimers can still be converted to monomers because HJ formation at cer or psi only requires the catalytic activity of XerC (Colloms et al., 1996) . We constructed a set of four strains encoding either the wildtype XerC and XerD proteins or the XerC YF and XerD Hallet et al., 1999) . Thus, there are two alternative pathways of Xer recombination at dif, one initiated by XerC and the other by XerD ( Figure 6A) .
As a consequence, we now believe that the role of FtsK in promoting chromosome dimer resolution is to switch the activity of the XerCD recombinases in the synaptic complex, so that Xer recombination follows a new pathway in which XerD mediates the first pair of strand exchanges to form HJ intermediates that are resolved to products by XerC (FtsK-dependent pathway) that it is more probable for FtsK 50C to load on the substrate on the side corresponding to the larger circle the result of catalysis by XerC (Barre et al., 2000) . In supercoils in front on the side of the smaller circle. This would not make sense if FtsK remotely activated Xer by changing the level of supercoiling. However, if we assume that FtsK needs to act locally on the synaptic complex, any protein moving away from it would not be able to activate Xer.
Finally, if the only effect of FtsK on Xer recombination is due to its DNA translocase activity, other DNA tracking enzymes would be likely to be able to activate the Xer recombination system. This is not the case, since we have shown that SpoIIIE, a homolog of FtsK in B. subtilis, and H. influenzae FtsK fail to restore Xer recombination in FtsK C Ϫ cells (Barre et al., 2001 ).
FtsK Favors the Formation of Products of Simple Topology In Vitro
The products of FtsK-dependent Xer recombination on supercoiled circular substrates containing directly repeated dif sites had a simple fixed topology; the only products that we could detect were free circles. A possible explanation for this could be that FtsKdependent Xer recombination is restricted to dif sites engaged in a synapse of a particular, "activate-able" configuration. However, Xer recombination showed little dependence on the substrate topology, which argues against this idea. Alternatively, a bias toward products of simple topology could arise from particular buffer conditions. Indeed, Cre-loxP site-specific recombination preferentially generates unlinked or unknotted products under some buffer conditions (Abremski et al., 1983; Kilbride et al., 1999). This may be because the relative contributions of random collision and slithering varies with salt concentration and superhelicity (Huang et al.,  2001 ). Random collision can generate topologically complex products, while slithering by conveyer belt-like mechanisms may produce topologically simple products. However, in the case of Cre, some catenated products could always be detected in the reactions. Furthermore, in reactions with H. influenzae XerC and E. coli XerD, only catenated or knotted products were observed using the same dif-recombination substrates and buffer conditions similar to the ones used in this study 
